alloyed steels from oxidation during every stage of sintering, analyzes of sintering cycle coupled with simultaneous atmosphere monitoring and further analysis of sintered specimens using number of advanced spectroscopy and thermoanalytic techniques. Various phenomena, connected with manganese evaporation and reduction/oxidation behaviour of manganese alloyed sintered steels were theoretically evaluated and tested experimentally applying interrupted sintering experiments, when specimens where sampled at different stages of the sintering cycle for extensive study by HR SEM+EDX, XPS, TG+MS etc. Thermodynamic calculations enabled to determine a required sintering atmosphere composition (maximal permitted partial pressures of active gases CO/CO 2 /H 2 O) for preventing of Mn alloyed steels prepared by different alloying mode from oxidation during every stage of sintering. The results were verified by continual monitoring of CO/CO 2 /H 2 O profiles in sintering atmosphere and further analysis of sintered specimens.
Thermodynamic evaluation of Mn-containing PM steels

Manganese sublimation
The first effect that has to be considered when talking about manganese containing steels is manganese sublimation. High amount of manganese vapour at elevated temperatures determines number of interrelated processes such as manganese distribution through the pore system, manganese loss and its oxidation through reaction with oxygen and water vapour in the local atmosphere. Intensive manganese sublimation starts already at around 700°C when its partial pressure reaches about 10 -3 Pa, see Fig.1 . Further temperature increasing leads to exponential increasing of manganese partial pressure, that at conventional sintering temperature of 1120°C reaches about 20 Pa. 
Oxidation of manganese vapour
It is important to emphasize that at such low temperatures partial pressures of active gases inside pore system has to be incredibly low in order to prevent Mn vapour from oxidation, as it is evident from Ellingham-Richardsson diagram, see Fig.2 . Dew-point below -95°C at 700°C is required in typically used in industry 10%H 2 /90%N 2 sintering atmosphere to www.intechopen.com Application of Thermodynamics to Biological and Materials Science 576 prevent Mn vapour from oxidation that is impossible even in laboratory conditions in powder compact. Phase stability diagram in Mn-O-H and Mn-O-C systems, see Fig.3 , indicate that even at typically used in industry sintering temperature of 1120°C in nitrogen/hydrogen atmosphere in presence of admixed graphite oxygen partial pressure below 10 -21 bar is required to as minimum prevent manganese from oxidation. Diagrams in Fig.3 also indicate that at applied during sintering conditions MnO is the most stable oxide and during all further thermodynamic calculation was considered as only one manganese oxide presented in the system. Produced at higher temperature manganese vapour reacts with the oxygen in the processing atmosphere according to the following reaction: 2Mn (gas) +O 2 =2MnO
(1)
Depending on the oxygen partial pressure in the surrounding manganese source specimen 'microclimate', the reaction between the Mn (gas) and oxygen occurs on different distance. If
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The Sintering Behaviour of Fe-Mn-C Powder System, Correlation between Thermodynamics and Sintering Process, Manganese Distribution and Microstructure Composition, Effect of Alloying Mode 577 in the pore system, surrounding manganese source, oxygen partial pressure is higher than equilibrium partial pressure at defined temperature, that is the case during heating stage, manganese vapour will be oxidised close to the manganese carrier particle and manganese oxide will condense on the surface of the surrounding base powder particles. If local microclimate is pure enough, oxidation of manganese vapour take place at larger distances from manganese source, that further purify 'microclimate' conditions and allows transport of manganese through the gas phase in the range of this microclimate, its condensation and further dissolution into base iron powder particles. This is the mechanism of 'self-cleaning' effect described by Šalak (Šalak, 1980) , however it is important to note that it leads to desirable 'microclimate' purification preferentially in dry atmospheres and high temperatures, when oxygen partial pressure is slightly higher than equilibrium one. When considering strong oxidising conditions, especially at low temperatures when manganese starts to sublimate and have still rather low partial pressure and oxygen partial pressure at the same time is much higher than equilibrium one, all the available Mn (gas) in the system is oxidised that does not lead to considerable microclimate purification. Extensive manganese oxidation at higher oxygen partial pressure was experimentally observed by (Šalak, 1980) that include the formation of a greenish MnO film on the surface of compacts. Another fact that is important to underline is that at the intermediate temperatures (600-900°C) , when manganese actually starts to sublimate, local 'microclimate' conditions inside the powder compact are much worse than in the processing atmosphere applied because considerable amount of oxygen is released by the reduction of the surface iron oxide from the base powder. Oxygen, produced by the reduction of surface iron oxide, can be released in different forms depending on sintering technique applied (vacuum or atmosphere sintering, utilizing inert or hydrogen containing atmosphere). When considering vacuum sintering dissociation of iron oxide is one of the dominant mechanism (when carbon is not present or inactive at low temperatures) and oxygen is released. However, most typically manganese PM steels are sintered in hydrogen-containing atmospheres, where due to reduction of iron oxide by hydrogen water vapour is produced. Importance of the reaction of manganese vapour with water vapour was emphasized by (Cias et al., 1999) . This reaction results in the formation of H 2 in the microclimate through the reaction:
and also leads to further atmosphere purification, but, at the same time -considerable manganese vapour oxidation. Nevertheless, there is one more mechanism that leads to more considerable manganese vapour oxidation, especially at inter-mediate temperatures. As it was shown by (Danninger et al., 2002) for a number of iron and alloyed PM steels, and by (Hryha et al., 2010-a) for a manganese prealloyed PM steels, above ~600°C, depending on alloying element type and content, carbothermal reduction of iron surface oxide layer starts, leading to production of carbon monoxide. This carbon monoxide is also oxidising agent for manganese vapour at low temperatures at observed high partial pressures, registered by (Hryha, 2007) , according to reaction:
According to this reaction from HSC Chemistry 6.1 database as minimum to prevent manganese vapour from oxidation, carbon monoxide partial pressure has to be below ~6.3*10 -7 (bar) at 700°C. However, during atmosphere monitoring of sintering process for manganese containing PM steels (Hryha, 2007) CO-content in the sintering atmosphere was in the range from 10 -4 to 10 -3 (bar), clearly indicating oxidation of Mn-vapour. It is important to emphasize that situation inside the pores is even more oxidizing and if sintering is performed with bad processing atmosphere control (low purity/flow), formation of carbon dioxide at inter-mediate temperatures is possible creating even more harmful oxidising conditions. This is the reason why 'self-cleaning' effect does not actually work at intermediate temperatures. Intensive manganese oxidation at medium temperatures is evident even on thermal analysis (Hryha, 2007) , especially when comparing with the material based on fully prealloyed powder. The mass-change curves are very similar for both admixed specimens, see Fig.4 , but huge difference in comparison with the pre-alloyed material is evident. First high mass loss is observed during heating up to 350°C, including the de-waxing holding, and is connected preferably with lubricant removal and desorption of the physically bonded water. During further heating up to 500°C higher mass loss was detected for prealloyed material -reduction of the iron oxide layer on the powder surface by the hydrogen. The much lower mass-loss in the case of admixed specimens points at their potential oxidation. Temperature increasing up to ~900°C results in increase of the samples mass for admixed specimens -oxidation of manganese carrier particles/manganese vapour as high mass-loss was observed in the case of prealloyed material. After ~920°C high mass-losses were observed for all three materials connected with the carbothermal reduction of the more stable surface oxides and internal oxides for all three materials.
As it was mentioned above, the product of this reaction is fine dispersed MnO that is condensed on the free powder surfaces and hampers the development of interparticle connections. To avoid the formation of oxide networks, Cias (Cias et al., 2003) proposed a method employing a semiclosed container to create an active ''microclimate'' around and within the Fe-Mn-C compacts. Another alternative is sintering in a hydrogen atmosphere with low enough dew point dictated by the Ellingham-Richardson diagram. As it was emphasized above, in the hydrogen-rich sintering atmosphere it is important to maintain both high atmosphere purity and adequate gas flow to minimize content of water vapour, formed by surface iron oxide reduction. From the Ellingham-Richardson diagram, Fig.2 , it is also evident that temperature increasing leads to improved thermodynamic conditions that allows to prevent manganese vapour from intensive oxidation and application of high sintering temperatures (1200-1250°C) allows successful sintering of admixed manganese steels as even reduction of manganese oxides is possible in hydrogen-containing atmospheres in modern sintering furnaces. Presented in Fig.2 Ellingham-Richardson diagram also emphasize presence in the system and high stability of mixed oxides of spinel type, that are important to take into consideration as iron/steel powders always contain trace amounts of Cr and Si, and formation at high temperatures and presence of these oxides were experimentally confirmed by (Hryha et al., 2010-a) . Especially it is important to emphasize presence of Cr-Mn and MnSi oxides that due to the lack of experimental information and absence of thermodynamic data were disregarded during previous studies of oxidation/reduction behaviour of Mn and Cr-Mn PM steels. Based on the presented in Fig.2 
Detailed study of the thermodynamics of reduction of the presented mixed oxides in the case of powders pre-alloyed with Cr and Mn is presented elsewhere .
Thermodynamic evaluation of sintering requirements
Process conditions for the successful sintering can be calculated based on simple algorithms for reaction energies calculations (Gaskell, 2003) . Mitchell (Mitchell & Cias, 2004) performed such calculations for some chromium and manganese containing PM steels. Algorithm and theoretical evaluation of the required atmosphere composition at every sintering stage for manganese contained PM steels in more details are also presented by (Hryha et al., 2010-b) . Sintering atmosphere composition required was evaluated based on standard free-energy calculations using a thermodynamic software package Outotech HSC Chemistry 6.1. Calculations are performed for the oxidation/reduction reactions for the oxide that is in direct contact with atmosphere -condensed manganese vapour located on the base powder particles surface. Carbon during calculations was considered as pure non-dissolved graphite admixed to the base powder. According to these considerations, the activities of the surface oxides and carbon can be taken as unity. As the most stable oxide in the system is MnO, see Figs.2 and 3, thermodynamic requirements, calculated for the reduction of this oxide, will meet the thermodynamic requirements for less stable iron and iron-manganese oxides. The algorithm of the calculations is based on evaluation of maximum pressures of active gases, which can be tolerated in the system for as minimum avoiding oxidation of manganese, at the sintering temperature. The calculations are based on evaluation of free energy for each reaction at the defined sintering temperature based on
equilibrium constant for each reaction can be calculated and partial pressures of active gases can be easily evaluated. Four basic chemical reactions were taken into consideration:
These reactions allow establish equilibrium partial pressures of the most important active gases in the system (oxygen, water vapour, carbon monoxide and carbon dioxide). Based on these calculations it was shown (Hryha et al., 2010-b) that in the case of sintering in nitrogen/10% hydrogen atmosphere at 1120°C for MnO, Mn and C to be in equilibrium with a gaseous atmosphere, this atmosphere must be of composition: Water partial pressure P(H 2 O)= 6.75*10 -6 bar corresponds to a dew-point near -63°C. This points on the fact that a dew-point lower than -63°C is required for proper sintering of manganese containing steels in the 90%N 2 /10%H 2 atmosphere at 1120ºC. Sintering temperature increasing to 1200ºC put less strict requirements on the sintering atmosphere purity: easily achievable in a modern sintering furnaces. It is important to note that for inert atmospheres or atmospheres with hydrogen content other than 10% equilibrium pressure of water vapour has to be re-evaluated.
It is important to state that the pre-alloyed powder do not have such strict requirements to the atmosphere purity due to the much lower manganese activity in the prealloyed state. This means that the activity of manganese in the case of the prealloyed powder can be taken equal to its content according to Henry's law (Gaskell, 2003) that will decrease maximum allowed pressures of active gases for about one-two orders. However, it has to be taken into account that presented calculations are still valid when considering necessity of full reduction of manganese particulate oxides on the surface of prealloyed powder, (Hryha et al., 2010-b) .
Liquid phase formation in the Fe-Mn-C system
Šalak (Šalak 1980-a and Šalak 1980-b) experimentally identified one more specific feature of manganese alloying when using high-carbon ferromanganese that is concerned with www.intechopen.com
The Sintering Behaviour of Fe-Mn-C Powder System, Correlation between Thermodynamics and Sintering Process, Manganese Distribution and Microstructure Composition, Effect of Alloying Mode 581 presence of liquid manganese alloy phase that occurs at certain circumstances at sintering temperatures. Many further detailed observation of fracture surface of Fe-Mn-C PM materials (Hryha, 2007 confirms presence of a transient liquid phase in the areas of prior ferromanganese particle surfaces. Such liquid phase formation was not registered in Fe-Mn-C steel when high-purity electrolytic manages was used as the manganese source (Hryha, 2007) . Detailed thermodynamic analysis of low melting point alloys by Gomez-Acebo (Gomez-Acebo et al., 2003) in the case of Fe-Mn-C system using the Thermo-Calc software reveals lowest melting point for the alloy composition Fe-30.3Mn-4.03C at 1077°C. The thermodynamic calculations of the equilibrium isothermal section for the ternary Fe-Mn-C alloy system at 1120°C using Thermo-Calc together with SSOL2 thermodynamic database, Fig. 5 , displays a rather extended liquid phase region close to the sintering temperature. Clearly, intensive manganese evaporation during heating together with iron and carbon diffusion into ferromanganese residue can lead to liquid phase formation at around 1120°C for high-carbon and even medium carbon ferromanganese. 
Microstructure development and composition
Tracing of microstructure development during sintering process (heating stage and different dwelling times) proofs itself to be a powerful tool when studying powder systems (Hryha 2007 . It allows to trace reduction of surface iron oxide layer, carbon and manganese dissolution and so microstructure development, oxides distribution etc. To be able to follow processes carefully during heating stage, specimens were slowly heated (10 °C·min -1 ) up to the sintering temperature of 1120/1200°C, and sampled at defined temperatures, as it is shown in Fig.6 , and cooled at the cooling rate of 10 or 50 K·min -1 to room temperature. Due to the lubricant presence, the specimens were additionally held at ~350°C for de-lubrication. First two sampling temperatures were chosen below the α→γ transition (onset on dilatometry curve) and next one above transition temperature (offset on dilatometry curve) measured for the studied alloys, (Hryha, 2007) . Microstructure development processes differs considerably for pre-mixed powder systems, where manganese was added as high-purity electrolytic manganese powder and medium carbon ferromanganese powder, compared with fully prealloyed powder (Hryha, 2007; Hryha et al., 2010-b) . As an example, Fig.7 presents microstructure development and composition in the case of admixed with ferromanganese powder system, marked as CFM.
Heterogeneous ferritic-pearlitic microstructure is characteristic for all sampled at different sintering stages specimens, see Fig. 7 . Some coarse pearlite on the grain boundaries near the edges of prior particles extending up to 10 μm was registered after the interrupted sintering at 825ºC and its fraction is about 10% at 900ºC. Austenitic rims around Mn carrier particles were registered and were shown to have a thickness of up to 1 μm after the 760ºC run, ~3 μm after the 825ºC run, up to ~4 μm after the 900ºC run and about 5 μm for the sampled at 1000ºC specimen, indicating rather pronounced Mn dissolution in the iron matrix with increasing temperature. Ferromanganese particles can be observed in material processed up to the sintering temperature. Nevertheless at the beginning of the sinter-holding manganese carriers are shown to occur only as large pores with pronounced "sponge" structure, filled by contaminants. This indicates that manganese is already distributed throughout the surrounding pore system. The fraction of fine pearlite reaches about 20%. The complicated sequence of microstructure constituents around the Mn-residues (austenite that changes to martensite and mixture of upper and lower bainite and pearlite at larger distances from the FeMn particles) was firstly observed at 1120ºC and shown to extend up to 10-12 μm from the Mn-carrier particles. After sintering for 30 min at 1120ºC, pronounced Mn dissolution in the Fe matrix is evident resulting in the extension of the austenite-martensite-bainite mixture up to 20 μm followed by a more extended pearlite region, while the core of the prior iron particles is still fully ferritic. The pronounced difference between the slow and fast cooled specimens, sintered at 1120ºC, is evident in lower portion of pearlite in the slowly cooled one. This is also a result of lower as-sintered carbon content in slowly cooled specimen related to the higher carbon loss due to more oxidising conditions during the slow cooling. The oxidation of the slowly cooled specimen was clearly seen on a non-etched microstructure. The specimens sintered at higher temperature (1200ºC) show more homogeneous austenite-martensite mixture in the areas adjoining to residue. The bainitic www.intechopen.com
The Sintering Behaviour of Fe-Mn-C Powder System, Correlation between Thermodynamics and Sintering Process, Manganese Distribution and Microstructure Composition, Effect of Alloying Mode 583 areas pass into pearlitic rims around ferromanganese residue. Due to the large size of admixed ferromanganese particles even after sintering rather large pores (up to 20 μm) filled with contaminants were observed. The same microstructure heterogeneity as for the admixed with ferromanganese alloy is characteristic for the admixed with electrolytic manganese alloy for all temperatures. The microstructure development includes the same features as the admixed with the ferromanganese system, however more extended dissolution of manganese during heating stage was registered for admixed with electrolytic manganese system, showing austenitic rims nearly twice as thick around electrolytic manganese in comparison with FeMn, see (Hryha et al., 2010-b) . Fig. 7 . Microstructure development during sintering of admixed with ferromanganese powder system Fe-0.8Mn-0.5C
The development of the microstructure with increasing temperature and its final state in the case of the pre-alloyed material differs significantly from the admixed systems with the same chemical composition (Fe-0.8Mn-0.5C) and processing conditions (Hryha et al., 2009-a and Hryha et al., 2010-b) . Higher purity and presence of some pearlite close to the edges of prior particles was observed even for the first sampled specimen at 740ºC, indicating much faster carbon transport in this system in comparison with the admixed one, see Fig.8 . After the 810ºC run, the pearlite extends up to 10 μm; the comparable amount and distribution of the pearlite for admixed systems was observed only after the 900ºC run. After the 900ºC-processing of the pre-alloyed material, fine pearlite is evenly distributed in the iron matrix and its fraction is ~ 20%; such pronounced carbon distribution was observed for the admixed system only after processing close to the sintering temperature. Further temperature increasing leads to pearlite portion increasing to 30-35% after the 1000ºC run and to about 40% after the 1120ºC run that are comparable with the results regarding the as-sintered microstructure of admixed alloy. Then, sintering of the pre-alloyed material at 1120ºC for 30 min results in evenly distributed ferrite-pearlite mixture where fine pearlite is prevailing and its portion is up to 55-60%. Higher oxidation of the slow-cooled specimen after sintering at 1120ºC was registered as well, with a little bit lower portion of pearlite being coarser than in the case of fast cooled specimen, see Fig.8 . Sintering at 1200ºC gave microstructure comparable to sintered at 1120ºC compact. Distinguishing feature of the prealloyed material is more rounded, smaller and pure pores in comparison with the admixed one. Additionally effect of manganese content on microstructure development was studied on prealloyed powder with higher manganese content of 1.8 wt.% (Hryha et al., 2009-a) . The microstructure of this material indicates appearance of some pearlite near the edges of the prior particles even after the 710ºC run, see Fig.9 . Temperature increasing leads to higher pearlite portion, being about 20% after the 790ºC run, and after 900ºC run a structure www.intechopen.com
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consists of evenly distributed ferrite-pearlite with pearlite fraction about 35%. After the 1000ºC run, an almost fully fine-pearlitic microstructure was obtained. This was not observed for any of the materials mentioned. The pearlite had a very fine lamellae structure distinguishable only at high resolution. After reaching of sintering temperature (1120ºC), a bainitic microstructure starts to occur and after sintering for 30 min at this temperature the bainite fraction is 10-15 wt.%. The microstructure of the specimens sintered at 1200ºC consists of evenly distributed and very fine ferrite-carbide mixture, where the bainitic microstructure is dominant (<50%). Distinguishing features of this alloy are higher pearlite fraction at all temperatures as well as its much finer structure than observed for the prealloyed with 0.8 wt.% Mn material at all temperatures. 
Manganese distribution
When comparing microstructure development between the admixed with the ferromanganese and electrolytic manganese systems, detected thickness of the Mn-enriched areas was nearly twice as thick around electrolytic manganese in comparison with the FeMn. Additionally, when comparing measured values during heating stage (increasing from 2-4 μm at 750ºC up to www.intechopen.com
Application of Thermodynamics to Biological and Materials Science 586 ~8 μm at 1000ºC) with the calculated depth of Mn solution in the iron matrix in this range of temperatures based on literature data, , see Table 1 , it is clearly evident that detected values are as minimum one order of magnitude larger. The fact that manganese dissolution depth calculated based on the only diffusion mechanism is clearly underestimated was also confirmed by careful measurements of the manganese concentration profiles using energy and wave dispersive X-ray analyses (EDX and WDX, respectively), (Hryha, 2007) . Presented in Fig.10 Fig.11 . Mn concentration profiles clearly shows manganese enriched area up to ~30 μm from the iron particle edge (Hryha&Dudrova, 2007; Hryha, 2007 Results show the manganese content in the range 2-4 at.% at the distances of about 20-30 μm from the manganese carrier residue. It has to be emphasized that such a large deviation of measured Mn content from the place to place is caused by two main reasons: size of the initial ferromanganese particle (amount of the capable to diffusion manganese) and geometry of the iron particles cut where analysis is performed. There is a high probability of existing pore close under analyzed area, meaning contribution from manganese dissolution from the manganese layer beneath (caused by manganese transport in the adjoining to FeMn particle pores by manganese vapor phase). This also describes such a 'wavy' character of measured manganese profiles, see Fig.11 . This means that large number of concentration profiles has to be measured to obtain statistically correct values for evaluation of manganese dissolution depth in Fe-Mn PM steels. Nevertheless, it is no doubt that the observed depth of manganese alloyed areas around manganese carrier particles is much larger than volume diffusion could account for. Even if considering that manganese isoconcentration lines are parallel to the iron particle boundaries, that can point to volume diffusion as the dominant mechanism, its just can be assumed inappropriateness of applying of presented in literature volume diffusion coefficient to the powder Fe-Mn system. However, diffusion profile calculated based on only volume diffusion gives very steep concentration profile (Navara, 1980) , contrary to the smooth concentration gradient observed. When discussing manganese dissolution it is important to remember Mn-transport through the gas phase (Mn-vapour). Comparable effect of improved diffusivity of several orders of magnitude in the presence of gas phase was firstly observed by (Hillert&Purdy, 1977) , in the case of iron-zinc materials in the atmosphere of zinc. They clearly showed that much higher diffusivity observed is a result of combination of a grain boundary diffusion and chemically induced grain boundary migration (DIGM). Another important conclusion by (Hillert&Purdy, 1977) , is that grain boundary diffusion is 2-4 orders of magnitude enhanced by the movement of the grain boundary, that together leads to considerable enhancement of the dissolution depth. The hypothesis about application of alloying mechanism with the presence of the gas phase, as in the case of iron-zinc system, for iron-manganese system, was firstly proposed by Navara (Navara, 1980) and further developed by Šalak (Šalak, 1989) . More detailed study of the iron-zinc system by Chongmo (Chongmo&Hillert, 1981) , indicate formation of fine-grained zinc-rich surface layer on the initial stage of alloying. These fine grains reveal fast growth with increasing heat-treatment time and temperature and disappear rather fast. However, such fine-grained struc t u r e i s m u c h m o r e d i f f i c u l t t o o b s e r v e b y conventional metallography in the Fe-Mn powder system due to the difficulties of specimens preparation (porous and very heterogeneous structure). Nevertheless, such a fine-grain structure around manganese carrier residues was confirmed recently by (Hryha, 2007) by careful analysis of the fracture surface around manganese carrier residue using high-resolution scanning electron microscopy. Example of such fine-grained structure around manganese carrier particle is presented in Fig.12 . Metallographic observation of the same material do not allow to clearly distinguish fine-grained structure of manganese-enriched area around ferromanganese residue in neither un-etched nor in etched state, see Fig.13 . It is important to note that most probably such fine-grained structure appears in this material at much lower temperature, when the prerequisite for its formation -manganese evaporation/condensation (after ~700ºC) become more intensive. However, it is possible to observe only at higher temperature (after ~1000ºC) on the fracture surface because there are two main prerequisites of its appearance on the fracture surface: grain boundaries of these fine grains has to be weakened (degraded) and inter-particle necks around manganese carrier particles has to be strong enough (stronger than inter-granular cohesion). Unlike in iron-zinc system, this fine grained structure does not disappear with the temperature increasing and is observed even after sintering at low temperature of 1120ºC, see Fig. 14. Moreover, after sintering at low temperature, especially at unsatisfactory sintering atmosphere purity (dew point <-45ºC), this fine-grained structure is even more pronounced and can be even easily distinguished by metallography, see Fig. 14. High-temperature sintering at good conditions allows to avoid finegrained structure around manganese carriers. Degradation of grain boundaries of these fine grains is very harmful to the mechanical properties of the admixed manganese-containing PM steels, as it is described in next section. Metallographic evidence of fine-grained structure around ferromanganese carrier particles after heating of Fe-3Mn-0.5C material to 1040ºC was revealed in the recent work of by using specially designed etchant. Fig. 12 . Fine-grained structure of the manganese-reach surface layer around manganese carrier particle in Fe-0.8Mn-0.5C material, heated up to 1050ºC (Hryha, 2007) (Hryha, 2007) www.intechopen.com
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Brittleness of admixed manganese containing PM steels
After about thirty years of an intensive investigation of the admixed manganese containing PM steels, number of inventions concerning adjustment of the sintering process and manganese carrier did not result in wide industrial application of mentioned above materials. The main obstacle for industrial application of admixed manganese PM steels is high brittleness of sintered components. Several hypotheses have been proposed, connected with brittleness caused by microstructure heterogeneity, size of manganese carrier particles, their residue and their oxidation (Dudrova et al., 2004; Dudrova et al., 2005; Danninger et al., 2005; Cias et al., 2003) .
Effect of manganese carrier residues.
Detrimental effect of pores, filled with slag, after manganese source due to its evaporation was emphasized by Dudrova (Dudrova et al., 2004) and Danninger (Danninger et al., 2005) . Due to angular shape of such pores with inclusions they act as strong crack-initiation sites. High-temperature sintering leads to rather significant reduction of slag, preferably formed by thermodynamically stable complex oxides, and pore rounding, however it did not result in so considerable mechanical properties improvement as it was expected. Appearance of electrolytic manganese and ferromanganese residues after heating up to 1120ºC, presented in Fig. 15 , reveal some differences in the residues appearance and composition. Ferromanganese residue has complex porous shape with the presence of phase on the surface of the pore with smooth surface and numerous cracks, pointing to presence of liquid phase at this temperature. Formation of the liquid phase is thermodynamically probable at this temperature in the wide range of concentration in the Fe-Mn-C system, see Fig.5 , taking into account manganese evaporation and diffusion of iron and carbon into manganese carrier particle. Residues of electrolytic manganese particles have a shape of contamination agglomerate, formed by manganese oxide with traces of manganese sulphide. Residues of ferromanganese have more complex chemical composition due to higher amount of silicon oxide in it (Hryha, 2007) . Sintering even at 1120ºC for 30 min in good atmosphere purity allows considerable reduction of manganese carrier residues in size and amount of manganese oxide as well as morphology change, see Fig.16 . Residue of electrolytic manganese looks more like inclusion agglomerate, whereas ferromanganese residue has specific 'coral-like'-shape. According to the results of SEM+EDX and Auger analyses, see Figs.17 and 18, in both cases residua are composed of manganese oxide with larger amount of manganese sulphide, than it was observed before sinter-holding. However after sintering at high-temperature (1200ºC) together with essential decrease in size of the manganese residues the oxygen content decreases as well, while much higher sulphur content is registered. Ferromanganese residue also contain large amount of silicon oxide.
Inter-granular decohesion brittleness.
Application of high-purity sintering atmospheres combined with high-temperature sintering and utilization of fine manganese carrier powder will considerably minimize detrimental effect of large angular pores on the mechanical properties. However, careful examination of the areas around manganese carrier particles at high magnification reveal more critical defect, presented in the admixed manganese systems. Recent studies of brittleness of admixed with manganese PM steels studied by complex of advanced microscopy and spectroscopy techniques (high-resolution scanning electron microscopy (HR SEM), energy dispersive X-ray analysis (EDX), Auger spectroscopy and X-ray photoelectron spectroscopy (XPS)) clearly indicate that the brittleness of material containing admixed manganese is caused by the weakness of grain boundaries within the base matrix particles around the manganese carrier residuals (Hryha, 2007; Hryha et al., 2008; . Completely brittle behaviour associated with predominantly inter-granular type of failure caused by the oxide phase at grain boundaries was also assumed in previous works by Dudrova (Dudrova et al., 2004; Dudrova et al., 2005) . Inter-granular type of failure starts to be observed in the admixed materials above ~1000ºC, see Fig.12 , caused by the presence of very thin manganese oxide layer, formed due to diffusion of condensed manganese from the iron particle surface inside the particles along the grain boundaries and its further oxidation there. However, inter-granular type of failure around manganese carrier residua is much better pronounced after low-temperature sintering, see Fig.19 . Large number of fine point inclusions (size <200 nm) can be seen on the inter-granular decohesion facets, that according to SEM+EDX analysis are formed preferably by manganese oxides after sintering at 1120ºC, see Fig.20 . These point oxides on the degraded grain boundaries around manganese residuals are evident on the unetched microstructure of admixed materials, see Fig. 14, forming on metallographic cut ''chains'' of point oxides. They develop close to the sintering temperature and are much better pronounced after sintering at 1120ºC for 30 min. The networks of point oxides are better pronounced for materials admixed with electrolytic manganese. Presence of these point inclusions on the grain-boundaries around manganese carrier residues explains why this fine grain structure does not disappear with temperature increasing or after sintering at low temperature, as it can be expected based on behaviour of iron-zinc system with similar dissolution of zinc by DIGM mechanism. Large amount of point oxides hamper grain growth of fine manganese-enriched grains, formed around manganese carrier source. Sintering at lower atmosphere purity leads to increased amount of inter-granular decohesion facets with higher amount of point oxides on them. This is also reflected on higher microstructure heterogeneity due to the retarded manganese dissolution caused by hampering grain boundary motion by point oxides. Fig. 19 . Inter-granular decohesion facets around electrolytic manganese residue after sintering at 1120ºC for 30 min on the fracture surface of Fe-0.8Mn-0.5C material Fig. 20 . SEM+EDX analysis of particulate inclusions on the inter-granular decohesion facets around ferromanganese residue after sintering at 1120ºC for 30 min on the fracture surface of Fe-0.8Mn-0.5C material Due to the lower amount of point oxides on the degraded grain boundaries at lower temperatures, such residual inter-granular brittleness is nearly fully removed for material admixed with ferromanganese after high-temperature sintering, see Fig.21 , but is still observed for admixed with electrolytic manganese material. Fig. 21 . SEM+EDX analysis of particulate inclusions on the inter-granular decohesion facets around ferromanganese residue after sintering at 1200ºC for 30 min on the fracture surface of Fe-0.8Mn-0.5C material Results of XPS analysis confirm presence of manganese oxides and sulphides on the fracture surface of both admixed specimens even after high-temperature sintering, see Fig.22 (Hryha et al., 2008; Hryha et al., 2010-b) . The analyses also indicate that there is no significant difference in surface composition between the two admixed alloys. The XPS analyses show higher amount of oxides/sulphides present on the fracture surface of admixed with ferromanganese material due to larger ferromanganese residues after high-temperature sintering. 
Effect of alloying mode
Summarizing the results of number of investigation performed up to now, it is clear that admixed materials are exposed to considerable oxidation during heating stage even when applying high purity sintering atmospheres. Sintering at lower atmosphere purity without hydrogen presence results in even higher oxidation of admixed alloys (Hryha, 2007) . Comparison of oxygen content and mass-gain reveals highest oxidation of admixed with electrolytic manganese alloy and lowest oxidation in the case of prealloyed material (Hryha, 2007; Hryha et al., 2010-b) . In addition temperature ranges of considerable oxidation of admixed alloys coincides with the onset of intensive manganese sublimation (>720°C), pointing out that these processes are closely related and are connected with the oxidation of manganese carrier particles. This can be shortly described by a model of evolution of manganese carrier particles, describing manganese sublimation and further oxidation of Mn vapour and its influence on the oxides distribution and development of inter-particle connections in the areas adjoining to manganese carrier, presented in Fig.23 . During first stages of heating manganese carrier particle is naturally oxidized and is covered by thick oxide layer (Fig.23 (a) ). After 700°C, when manganese starts to sublimate, Mn vapour reacts with oxygen presented in sintering atmosphere, water vapour and carbon oxides (produced by reduction of iron oxide layer). Formed manganese oxide condenses on the surface of the iron particles, adjoining to manganese source. Temperature increasing leads to reduction of iron oxides and starting of the inter-particle necks development and, at the same time, more intensive manganese evaporation and distribution through the pore system, its further oxidation and formation of Mn-oxide layer on the adjoining pores, see Fig.23 (b) -red areas. This stage can be characterized as 'shift' of oxidation -oxygen from the iron oxide from the base powder is transformed to manganese oxide around manganese carrier particles, that coincides with the keeping of the same level of oxygen content during heating for both admixed systems (Hryha et al., 2010-b) . The problem with such manganese oxide layer is that it obstructs formation of metal-metal contacts between base powder particles and so development www.intechopen.com
The Sintering Behaviour of Fe-Mn-C Powder System, Correlation between Thermodynamics and Sintering Process, Manganese Distribution and Microstructure Composition, Effect of Alloying Mode 597 a) b) c) Fig. 23 . Model of the evolution of the manganese carrier particles and inter-particle connections around them from 720°C (left), 1000°C (middle) to as-sintered structure (1120°C/30 min) of inter-particle connections, that are formed only on the larger distance from Mn-carriers, see Fig.23 (b) . The extension of such contaminated region is bigger for admixed with electrolytic manganese material and is increasing with temperature -at 1000°C it reaches around 100 μm, depending on surrounding pores structure. Lower total amount of the interparticle connections is reflected in much lower strength values during heating stage, especially for admixed with electrolytic manganese material, see Fig.24 . Temperature increasing leads to improvement in local conditions inside pores that enable reduction of surface manganese oxides and leads to decrease in size of contaminated areas. This enables intensive growth of inter-particle connections around manganese source, see Fig.23 (c) , and is reflected on the increasing of the macro-strength of compact between 1000 and 1120°C, see Fig.24 . It is important to emphasize that even after sintering at 1120°C properties of admixed with electrolytic manganese material (strength and oxygen content) are inferior in comparison with admixed with ferromanganese material, that now is close to the prealloyed material and only after sintering at 1200°C improvement in properties of admixed with electrolytic manganese material can be seen. This is connected with the slower reduction of manganese oxides, enclosed inside inter-particle necks and formed on the grain-boundaries during manganese dissolution. Presence of manganese carrier particles during the whole heating stage is another confirmation of their intensive oxidation -presence of the thick oxide layer retard intensive manganese evaporation during heating stage. Fig. 24 . Rupture strength of interrupted sintered specimens of Fe-0.8Mn-0.5C material, based on admixed with electrolytic manganese (CEM) and ferromanganese (CFM) systems as well as fully prealloyed powder (D), (Hryha et al., 2010-b) 
Summary
Detailed analysis of manganese containing sintered steels based on fully prealloyed powder and admixed systems using high-purity electrolytic manganese and medium-carbon ferromanganese, indicate high brittleness of admixed materials. Lower strength of admixed materials is described based on oxidation of manganese vapor and its further condensation on the surrounding iron particles that suppress inter-particle necks development in the areas around the manganese source and results in extended defect areas. The worst results were obtained for admixed with electrolytic manganese material that is explained by more intensive manganese evaporation and accordingly higher specimen oxidation at low temperatures. Second type of critical defects in admixed systems is connected with the degradation of grain-boundaries around manganese carrier particles due to the presence of complex oxides and manganese sulfide on the inter-granular decohesion facets. The amount and composition of the contaminants after sintering are determined by the type of manganese carrier used and sintering conditions. Number of presented in literature experimental results indicates that it is no doubt that the observed depth of manganese alloyed areas around manganese carrier particles is much www.intechopen.com
The Sintering Behaviour of Fe-Mn-C Powder System, Correlation between Thermodynamics and Sintering Process, Manganese Distribution and Microstructure Composition, Effect of Alloying Mode 599 larger than volume diffusion could account for. Recent author's experimental results clearly show that much higher diffusivity observed can be described only based on complex mechanism -combination of grain boundary diffusion and chemically induced grain boundary migration (DIGM). Alloying mechanism with the presence of the gas phase (manganese vapour) and fine-grained structure of the manganese-rich surface layer on the initial stage of alloying abundantly evidences validity of this hypothesis. Utilization of hydrogen-containing atmospheres of high-purity and higher heating rate at medium temperatures range (700-1000°C) together with sintering at high temperatures (≥1200°C) are suggested for successful sintering of admixed with manganese PM steels. Lower sensitivity to atmosphere purity, homogeneously distributed microstructure, absence of the large contaminated pores and oxide inclusions indicate definite advantage of prealloyed powder system from both economical and technical points of view.
Future research
Availability of new thermodynamic data concerning low-melting point systems and application of modern sintering techniques for high-temperature sintering combined with advanced control of sintering atmosphere open space for development of new master-alloys based on Fe-Mn-C systems. During design of such master-alloys stress has to be set on homogenisation and alloying through transient liquid phase and shifting manganese evaporation to as high temperatures as possible otherwise intensive formation of stable manganese oxide is unavoidable. Improved diffusivity of manganese by DIGM mechanism is another strong side of utilization of admixed iron-manganese PM steels. However, recent study (Hryha et al., 2010-a) shows high quality of the manganese prealloyed powder from the surface composition point of view that allow us to expect the appearance of manganese alloyed steel powder on the market in near future.
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